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Abstract

In order to accelerate tissue-engineering research, a combinatorial approach for investigating the effect of surface energy on cell

response has been developed. Surface energy is a fundamental material property that can influence cell behavior. Gradients in surface

energy were created by using an automated stage to decelerate a glass slide coated with a self-assembled monolayer (SAM,

n-octyldimethylchlorosilane) beneath a UV lamp such that the SAM is exposed to the UV-light in a graded fashion. UV exposure causes

oxidation of the SAM such that a longer exposure correlates with increased hydrophilicity. This approach yielded substrates having a

linear gradient in surface energy ranging from 23 to 62mN/m (water contact angles ranging from 251 to 951). Using the gradient

specimen approach enables all surface energies from 23 to 60mN/m to be screened on each slide. Before cell culture, surface energy

gradients were coated with fibronectin to allow a study of the effect of surface energy on fibronectin-mediated cell response. Cells were

seeded on the fibronectin-coated gradients and adhesion, spreading and proliferation were assessed with automated fluorescence

microscopy. Surface energy did not affect initial cell adhesion at 8 h. However, the rate of proliferation was linearly dependent on surface

energy and increased with increasing hydrophobicity. Cell spread area was unaffected by changes in surface energy over the majority of

the gradient although cells were significantly smaller on the most hydrophilic region. These results show that fibronectin-mediated cell

spreading and proliferation are dependent on surface energy and establish a new combinatorial approach for screening cell response to

changes in surface energy.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite a 4.5 billion dollar investment in tissue-
engineering research, a profitable product has not yet
come to market [1,2]. One cause for this lack of success is
the slow pace of research. Traditional research involves
preparing samples one at a time for characterization and
testing. Combinatorial methods lower the cost of experi-
mentation by reducing the amount of time and material
required for experiments [3]. This is done by creating
libraries containing many specimens in one sample in the
e front matter r 2006 Elsevier Ltd. All rights reserved.
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form of gradients or arrays. Combinatorial approaches
have been very useful for pharmaceutical research [4,5] and
their utility in materials science and biomaterials research is
also becoming apparent [6–11].
An understanding of cell–material interactions can help

in the design of tissue-engineered medical products.
Material properties such as surface energy [12], modulus
[13], crystallinity [10], surface roughness [14] and surface
chemistry [15] can influence cell response to biomaterials.
In the current study we focus on surface energy because
surface energy is a fundamental material property that can
influence cell behavior and biomaterial performance
[12,16–28].
For instance, van der Valk et al. [12] observed that a

mouse fibroblast cell line was better spread during culture

www.elsevier.com/locate/biomaterials
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Fig. 1. (a) Water contact angle as a function of position along the surface

energy gradients is shown. (b) Water contact was converted to surface

energy as described [30] and plotted against position. For both plots (a–b),

‘‘n’’ equals 20 for each point and error bars are standard deviation. Lines

were fit by linear regression and the Pearson correlation coefficients (R)

were 0.988 for (a) and 0.983 for (b).
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on hydrophilic surfaces than on hydrophobic surfaces. In a
study by van Wachem et al. [16], human endothelial cell
adhesion was best on surfaces with intermediate surface
energies. Schakenraad et al. [17] found that the rate of
growth for primary human fibroblasts increased with
increasing hydrophobicity. These results and others sup-
port the thesis that surface energy can affect cell response
to a material [12,16–28]. In order to help accelerate tissue-
engineering research, we have developed a combinatorial
approach for screening the effect of surface energy on cell
function.

Linear gradients in surface energy were created on glass
slides [29]. Self-assembled monolayers (SAM) made from
n-octyldimethylchlorosilane were assembled on glass slides
and the SAM-coated slides were placed on a motorized
stage beneath a UV lamp. A gradient in UV exposure time
was obtained by decelerating the motion of the stage. The
gradient in UV exposure time created a gradient in surface
energy across the slide by causing differential amounts of
ozonolysis of the n-octyldimethylchlorosilane SAM. Ozo-
nolysis causes oxidation of the hydrocarbon chains in the
SAM and a more hydrophilic surface [30]. Gradients that
ranged in water contact angle from 251 to 951 were created
on a single slide. In order to focus on cell responses that
were mediated by fibronectin, the surface energy gradients
were pre-coated with fibronectin prior to cell seeding.
Fibronectin is one of the primary extracellular matrix
proteins that adsorbs to implanted materials and its
adsorption can influence cell response [15,31,32]. Cells
were cultured on the fibronectin-coated gradients and
automated fluorescence microscopy was used to assess
adhesion, spreading and proliferation.

2. Materials and methods

2.1. Preparation of self-assembled monolayers

Glass microscope slides were rinsed with ethanol, blown dry with

nitrogen and exposed to UV radiation for 15min to create a clean

hydroxide surface layer. Slides were then rinsed with toluene and

immersed in a 2.5% (by mass) solution of n-octyldimethylchlorosilane

(Gelest, Inc., Morrisville, PA) in toluene. After 24 h, slides were rinsed

with toluene, blown dry with nitrogen, and incubated at 120 1C under

vacuum for 24 h. This process creates a hydrophobic SAM on the slides.

Slides with SAMs were stored under vacuum at room temperature.

2.2. Preparation of surface energy gradient

Slides with SAMs were placed on a motorized stage below a UV lamp

[29] with a 190 nm UV wand housed in an aluminum casing with a slit

aperture 2mm wide. Immediately upon lowering the lamp housing to

within 0.2mm of the slide surface, the motorized stage was set in motion.

A gradient in UV exposure time was obtained by decelerating the motion

of the stage. The gradient in UV exposure time created a gradient in

surface energy across the slide by causing differential amounts of

ozonolysis of the hydrocarbon present in the n-octyldimethylchlorosilane

[30]. Ozonolysis of the SAMs converts the CH3 terminated layer into OH

and COOH terminated species. Long exposure time correlates with high

surface energy, increased hydrophilicity and low contact angle. Exposure

times ranged from 1 to 180 s. Surface energy gradient slides were
characterized by water contact angles obtained using a Krüss G2 contact

angle measuring system (Matthews, NC). Gradients were used within 24 h

of fabrication because they degraded with time. For example, the standard

deviations of the water contact angle measurements were 31 after 24 h

(Fig. 1a) but doubled or tripled between 3 and 4 d [33].

2.3. Fibronectin coating of surface energy gradients

Gradient slides were immersed in a solution of human fibronectin (5mg/mL;

Chemicon International, Inc., Temecula, CA) in phosphate buffered saline

(PBS) at room temperature for 30min. Slides were then rinsed once with

PBS and immersed in a 0.1% (by mass) solution of bovine serum albumin

(BSA, Sigma, Inc., St. Louis, MO) in PBS at room temperature for 30min

to block non-specific binding. Finally, slides were rinsed once with a
modification of Eagle’s Minimum Essential Medium (a-MEM, Biowhit-

taker, Inc., Walkersville, MD) and immediately seeded with cells.

2.4. Cell culture

Established protocols for the culture and passage of MC3T3-E1 cells

were followed [34]. Cells were obtained from Riken Cell Bank (Hirosaka,

Japan) and cultured in flasks (75 cm2) at 37 1C in a fully humidified

atmosphere at 5% (by volume) CO2 in a-MEM supplemented with 10%

(by volume) fetal bovine serum (Gibco, Rockville, MD) and kanamycin

sulfate (60mg/mL, Sigma, Inc., St. Louis, MO). Media was changed twice

weekly and cultures were passaged once per week with 0.25% (by mass)
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trypsin and 1mmol/L EDTA (Gibco, Rockville, MD). For seeding

samples, 3 culture flasks (75 cm2) of 80% confluent MC3T3-E1 cells were

trypsinized, washed and suspended in fresh media. Sixty thousand cells

diluted into 20mL of media were added to bacteriological grade

polystyrene Petri dishes (85mm dia.) containing the gradient slides and

given 30min to attach before being moved to the incubator. Cell seeding

was more even and uniform if given 30min to form initial attachments.

Twenty surface energy gradient slides were prepared and seeded with cells

yielding 4 gradients for each of 5 time points: 8, 24, 64, 136 and 336 h.

Media was changed every 48 h. At the indicated time points, gradients

were fixed with paraformaldehyde and stained.

2.5. Fixing and staining cells

Cells on gradients (8, 24, 64 and 136h) were fixed for 5min (0.5% by

mass Triton X-100, 4% by mass paraformaldehyde, 5% by mass sucrose,

1mmol/L CaCl2, 2mmol/L MgCl2 in PBS, pH 7.4) and post-fixed for

20min (same as fix but without Triton X-100). Fixed cells were

fluorescently stained for 1 h with 6mmol/L DAPI (40,6-diamidino-2-

phenylindole, dihydrochloride) and 2mmol/L Texas Red C2-maleimide

(both from Molecular Probes, Eugene, OR) in PBS. DAPI stains cell

nuclei blue for cell counting and Texas Red C2-maleimide stains cell

membranes red for determining cell area [35]. Stained cells were mounted

with a coverslip in mounting medium containing DAPI (Vectashield,

Vector Laboratories, Inc., Burlingame, CA).

2.6. Automated fluorescence microscopy

Cell number and cell area were determined by automated fluorescence

microscopy with a Leica DMR 1200 upright microscope equipped with a

computer-controlled translation stage (Vashaw Scientific, Inc., Frederick,

MD). Image Pro software (Media Cybernetics, Carlsbad, CA) controlled

the stage and image acquisition. Gradients were imaged in a 35� 60 grid

where 35 images were collected on the axis perpendicular to the gradient

and 60 images were collected on the axis parallel to the gradient. Two

fluorescence images were captured at each grid position: (1) a red channel

image for Texas red C2-maleimide-stained cell bodies; and (2) a blue

channel image of DAPI-stained cell nuclei. The red cell body images were

used for determining cell area and the blue cell nuclei images were used to

determine cell number. Each captured image had an area of 0.347mm2

(10� eyepiece, 10� objective, 100� magnification) and a total area of

7.3 cm2 was imaged on each gradient.

For analysis, the cell area and cell number data were binned (placed

into categories) according to 7 contact angles (301, 401, 501, 601, 701, 801

and 901). As shown in Fig. 3a, each gradient was 60mm long and the 7

adjacent bins cover the gradient. The two bins on the ends of the gradient

(301 and 901) spanned 5mm and each one contained a 35� 5 ‘‘sub-grid’’.

The middle bins of the gradient (401, 501, 601, 701 and 801) each spanned

10mm and each contained a 35� 10 ‘‘sub-grid’’.

2.7. Image analysis

The number of nuclei present in each of the blue channel images was

tabulated using a macro that was written for Image Pro. The macro opened

each blue channel image, counted the number of nuclei and recorded the

number in a text file. A second macro was written for red channel images and

output cell spread area to a text file. This second macro was programmed to

exclude cells that were in contact with other cells (4 1 nucleus) and cells

touching the edge of the image. The cell number and cell area text files were

imported into Microsoft Excel for analysis. Additional details of the image

analysis procedure are provided in Fig. 2.

2.8. Notes

Certain equipment and instruments or materials are identified in the

paper to adequately specify the experimental details. Such identification
does not imply recommendation by the National Institute of Standards

and Technology, nor does it imply the materials are necessarily the best

available for the purpose.

The ‘standard deviation of the mean’ is the same as the ‘combined

standard uncertainty of the mean’ for the purposes of this work.
3. Results

3.1. Contact angle

Water contact angles from the 20 gradient slides were
averaged and plotted as a function of position (Fig. 1a).
Contact angles ranged from 251 to 951. A line fit by least-
squares linear regression (Fig. 1a) had a Pearson correla-
tion coefficient of 0.988. A t-test using an ‘‘n’’ of 11 (there
are 11 data points) concluded that a linear relationship was
present [36]: water contact angle decreased as position on
the slide increased (Po0:0001). In Fig. 1b, water contact
angle was converted to surface energy as described by
Roberson et al. [30] using the following equation:

S:E: ¼ 74:5� 0:372x� 0:00181x2;

where x is the water contact angle (degrees)
Surface energies ranged from 23 to 62mN/m on the

gradients. These data show that our graded UV-exposure
technique yields reproducible, linear gradients in surface
energy.

3.2. Cell number

MC3T3-E1 osteoblast-like cells were cultured on fibro-
nectin-coated surface energy gradient slides for 8, 24, 64,
136 or 336 h. Cells were fixed at the indicated time points,
stained and analyzed with automated fluorescence micro-
scopy. The 336 h gradients could not be analyzed because
the cells became confluent and delaminated. Examples of
images that were collected by automated fluorescence
microscopy and a demonstration of image analysis are
shown in Fig. 2. As shown in Fig. 3a, data for cell number
and cell area were binned into 7 contact angles (301, 401,
501, 601, 701, 801 and 901). Fig. 3b shows a plot of average
cells/mm2 as a function of culture time for each of the 7
contact angles. For this analysis, 31,500 images were
captured and approximately 750,000 cell nuclei were
counted. After 8 h, there were no statistically significant
differences in the number of cells on the different contact
angles as tested by ANOVA with Tukey’s multiple
comparison test (P40:05). This result suggests that surface
energy did not affect initial, fibronectin-mediated cell
adhesion.
At 24 h, cell numbers did not increase over the 8 h values

indicating a lag phase in cell growth (Fig. 3b). Cell numbers
increased at 64 and 136 h as the cells proliferated. Cells
became confluent and detached from all surfaces by 336 h.
Fibronectin-mediated cell proliferation was faster on the
more hydrophobic (high water contact angle) surfaces than
on the hydrophilic surfaces (low water contact angle).
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Fig. 2. A demonstration of image capture and analysis is shown. The automated microscope captured a red channel tif image (a: Texas red C2-maleimide-

stained cell bodies) and a blue channel tif image (b: DAPI-stained nuclei) for each field of view. A macro program written for Image Pro software was used

for image analysis. The macro opened each blue channel image and counted the number of nuclei as a measure of cell number. For cell area, the macro

opened each pair of red and blue images, created masks of the images (c–d) and then merged the images (e). The images were merged so that the number of

nuclei per ‘‘object’’ (cell) could be determined. Objects that had more than one nucleus and objects that touched the edge of the image were discarded.

Panel (f) shows the output from the macro program and the numbers in (f) correspond to the numbers on the objects in (e). An ‘‘X’’ next to a number in

Panel (f) indicates that this object was discarded. Objects 2 and 8 were discarded because they have more than one nucleus. Objects 3, 7 and 10 were

discarded because they touch the edge of the image. Objects 1, 4, 5, 6 and 9 lie completely within the image and are not touching any other cells (only one

nucleus). Thus the area of these cells was determined and is given in (f). The images in this figure were captured in the middle of a surface energy gradient

(601) after 24 h culture. The size bar in (a) applies to all panels.

S.B. Kennedy et al. / Biomaterials 27 (2006) 3817–38243820
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Doubling time for cell division was calculated using the 24,
64 and 136 h cell number data. The 8 h cell data was not
included in the doubling time analysis so that the lag phase
would not influence the calculations. Doubling times were
determined by plotting the natural log of the cell count
versus time. Plots were fit by least squares linear regression
and doubling times were calculated by the following
equation: doubling time ¼ ln (2)(1/slope).

The doubling times were plotted against water contact
angle (Fig. 4) and the plot was fit by linear regression. The
slope of the linear fit indicated that the fibronectin-
mediated doubling time decreased by 2 h for every 101
increase in contact angle. The Pearson correlation coeffi-
cient of fit was 0.987. Using an ‘‘n’’ of 7 (7 data points in
the plot) a t-test determined that a linear relationship was
present [36]: fibronectin-mediated cell doubling time
decreased as water contact angle increased (Po0:0001).
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These data show that fibronectin-mediated cell prolifera-
tion was faster on hydrophobic surfaces than on hydro-
philic surfaces. These data also demonstrate a linear
relationship between rate of fibronectin-mediated cell
proliferation and surface energy where doubling time
decreased 2 h per 101 increase in contact angle.

3.3. Cell area

Since cell morphology is related to cell function [37,38],
cell area was determined on the 8 and 24 h gradients. Cell
area could not be determined on the 64 and 136 h gradients
because the cells had proliferated and were in contact
with one another. Average cell area at 8 and 24 h is
plotted against water contact angle in Fig. 5. For this
analysis, 16,800 images were captured and the area of
approximately 50,000 cells was determined. The data for
both 8 and 24 h produced a smooth arc with a maximum at
a contact angle of 601. In general, cells were well spread on
all regions of the gradients and had a morphology and
spread area comparable to cells cultured on glass slide
controls [11].

Pair wise comparisons of the 8 and 24 h data at each
contact angle using t-test did not yield any statistically
significant differences (P40:05). Thus, there is not a
significant difference in fibronectin-mediated cell spreading
between 8 and 24 h at each specific contact angle. However,
when the cell area at each contact angle for 8 h was
compared to cell area at the other contact angles for 8 h
using ANOVA with Tukey’s test for multiple comparisons,
the cell area at 301 was determined to be significantly
smaller (Po0:05) than the cell area at 5 of the other 6
contact angles. Likewise, when the cell area at each contact
angle for 24 h was compared to cell area at the other
contact angles for 24 h using ANOVA with Tukey’s test for
multiple comparisons, the cell area at 301 was determined
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lines connecting the data points are also only for clarity. A statistical

analysis of these results is presented in the ‘‘Results’’ section of the text.
to be significantly smaller (Po0:05) than the cell area at 5
of the other 6 contact angles. These results show that the
fibronectin-mediated cell spread area on the most hydro-
philic part of the gradient (low contact angle) was
approximately 25% smaller than on the rest of the
gradient.
4. Discussion

Several methods for fabricating surface energy gradients
employing a variety of surface chemistries have been
demonstrated [20,30,39–45]. The advantages and disad-
vantages of each approach have been reviewed [45]. We
chose the method of Roberson et al. [30] because it is quick,
simple and inexpensive and because it yields reproducible,
linear gradients in surface energy (Fig. 1) [30]. The
Roberson et al. [30] method is also versatile as it can be
applied to SAMs as well as polymers [44]. In addition, the
OH and COOH groups created by ozonolysis in the
Roberson et al. [30] method could be used to attach
bioactive side chains such as peptides in a defined
orientation and in a gradient. These gradient peptide
libraries could be used to screen the effect of peptide
surface density on cell function. A potential disadvantage
of the Roberson et al. [30] approach is that surface
chemistry can be difficult to control since ozonolysis yields
a mix of hydrophilic species (OH and COOH).
We have combined surface energy gradients with cell

culture and automated fluorescence microscopy to yield a
combinatorial approach for screening cell response to
surface energy. For the current study, 48,300 images were
collected, 750,000 cells were counted and 50,000 cells were
sized. These large data sets enable the generation of more
precise conclusions. A number of previous reports exam-
ined cell function on surface energy gradients [20–26,28]
but the data collection was not as rigorous as the current
study.
Previous studies have examined the effect of surface

energy on cell functions such as adhesion, adhesion
strength, morphology, spread area, proliferation and
differentiation. Both discrete specimens and surface energy
gradients were used in these studies and many different
outcomes have been observed. In some cases, cell functions
are enhanced on hydrophilic surfaces [12,17,20,23,27,28].
In other cases, cell functions are enhanced on hydrophobic
surfaces [21,23–26] (the cell proliferation data in the
current study). While in other cases, surface energy has
no effect on cell functions [20,23] (the cell adhesion data in
the current study) or cell functions have a maximum at an
intermediate surface energy [16,22,23] (the cell area data in
the current study). This wide range of outcomes is possibly
a result of the wide variability in experimental conditions
such as cell types, incubation times, culture conditions,
surface chemistries and surface topography. One firm
conclusion from these investigations is that surface energy
can influence cell function.
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Protein adsorption appears to be a dominant player in
dictating cell response to a material and is likely
responsible for the wide range of cell responses to surface
energy cited above [12,16,17,20–28]. When a biomaterial
contacts blood, plasma proteins immediately adsorb onto
its surface [46]. Human plasma contains 1175 different
proteins [47] and it appears that each unique material will
adsorb its own unique subset of these proteins [27,46]. In
addition, protein conformation can change upon adsorp-
tion and can vary with the time of adsorption [48]. When a
cell adheres to a surface, it sees this adsorbed protein layer
and not the material itself. Thus, the types, amounts and
conformations of adsorbed proteins can dictate cell
response to a biomaterial [15,49].

Surface energy is a fundamental material property that
can affect protein adsorption. Low surface energy and
hydrophobicity generally correlate with increased protein
adsorption, increased conformational changes in the
adsorbed proteins and irreversible protein adsorption
[50]. Protein adsorption to surface energy gradients follows
the trend that adsorption amounts are higher on hydro-
phobic surfaces than on hydrophilic surfaces [39,41]. Thus,
the effects of surface energy on cell response observed in
previous studies [12,16,17,20–28] were likely an indirect
effect where surface energy dictated protein adsorption and
conformation which subsequently dictated cell response.

In the current study, surface energy gradients were pre-
coated with fibronectin, blocked with BSA and then
exposed to fetal bovine serum during cell culture. Since
fibronectin can adsorb irreversibly from serum to surfaces
with a range of surface energies [49], it is likely that
fibronectin was the predominant surface-adsorbed protein
in our studies. Thus, the effects of surface energy on cell
response observed in the current study are likely an indirect
result of surface energy dictating fibronectin adsorption and
conformation which subsequently influenced cell response.
In addition, since hydrophobicity generally correlates with
increased protein adsorption [50], it is possible that we
observed increased cell proliferation on the hydrophobic
regions of the gradients because more fibronectin adsorbed
to the hydrophobic regions during the fibronectin-pre-
coating step.

5. Conclusions

We have combined automated fluorescence microscopy
with surface energy gradient technology to examine the
effect of surface energy on fibronectin-mediated cell
adhesion, spreading and proliferation. The gradient speci-
mens enabled a large range of water contact angles
(25–951) to be tested on each slide and automated
microscopy enabled the collection and analysis of large
data sets (48,300 images collected and analyzed). Fibro-
nectin-mediated adhesion after 8 h was equal on all regions
of the surface energy gradients. Fibronectin-mediated
proliferation was faster on the hydrophobic regions of
the gradients and had a linear dependence on surface
energy. There was a 2.0 h decrease in cell doubling time for
every 101 increase in contact angle. Fibronectin-mediated
cell spreading was unaffected by changes in surface energy
over the majority of the gradient although cells were
significantly smaller on the most hydrophilic region (301
water contact angle). The development of this combinator-
ial approach for probing the fundamental correlations
between cell response and surface energy establishes a
unique tool for accelerating biomaterials research.
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